ABSTRACT: To determine normative values for nerve conduction studies among workers, we selected a subset of 326 workers from 955 subjects who participated in medical surveys in the workplace. The reference cohort was composed exclusively of active workers, in contrast to the typical convenience samples. Nerve conduction measures included bilateral median and ulnar sensory amplitude and latency (onset and peak). Workers with upper extremity symptoms, medical conditions that could adversely affect peripheral nerve function, low hand temperature, or highly repetitive jobs were excluded from the ''normal'' cohort. Linear regression models explained between 21% and 51% of the variance in nerve function, with covariates of age, sex, hand temperature, and anthropometric factors. The most robust models were fitted for sensory amplitudes in the median and ulnar nerves for dominant and nondominant hands. The median-ulnar difference was least sensitive to adjustment, indicating it is the best measure to use if corrections are not made to account for relevant covariates. A key point was that the magnitude of variance increased with age and anthropometric factors. These findings provide strong evidence that to improve diagnostic accuracy, electrodiagnostic testing should control for relevant covariates, particularly age, sex, hand temperature, and anthropometric factors.
or clinic. The ''normal'' cohort was selected from the larger worker population under surveillance. In addition, as recommended in discussions of reference values 20 and interpretation of electrodiagnostic findings, 2, 23, 27, 31 we present models exploring the relationship of sensory nerve function to age, sex, hand temperature, and anthropometric factors.
NORMATIVE VALUE DETERMINATION
A normal range may be defined in different ways in clinical medicine, depending on the nature and purpose of the measurement. One approach is to obtain measurements from a large sample of randomly selected, asymptomatic subjects without known diseases associated with neuropathy, and to define values within the 95th, 97.5th, or 99th percentiles as normal. Another approach is to use parametric analyses to define the normal range statistically as values within two standard deviations of the mean. However, the latter method depends on a normal distribution. As noted by Robinson et al., 28 few electrodiagnostic parameters follow a normal distribution. Hence, proper use of parametric analyses may require transformation of the raw data to approximate a more normal distribution.
Underlying all efforts to define normative values is the question of whether the sample is truly representative of the population for which the normal values will be used. Few studies of electrophysiological measurements meet this criterion, particularly for a worker population. This leads to reliance on normal values of uncertain statistical, clinical, or epidemiological relevance to workers. Our study attempts to address these concerns.
METHODS
Medical surveys were conducted among workers from seven work sites, representing a variety of manufacturing and office environments. The protocol included bilateral electrodiagnostic testing of distal sensory responses at the wrists, self-administered questionnaires, anthropometric measurements, and physical examination of the neck, shoulders, and upper extremities. Examiners were masked to data collected in other parts of the survey. Study participants provided written informed consent that had been previously approved by the institutional review board at the University of Michigan School of Public Health.
Except for Site 4, examinations were performed during normal work hours on company time by personnel from the University of Michigan. Workers were relieved of their job duties to allow for completion of the medical survey. At Site 4, workers were required to complete the study protocol before or after their normal work hours, and they were not paid. This resulted in a participation rate that was substantially lower among workers at Site 4 (45%). All other sites had participation rates greater than 70%, and most were greater than 80%. Overall there were 1255 eligible workers, and 955 survey participants, resulting in a participation rate of 76%, which mitigates problems with selection bias.
Electrodiagnostic testing included measurement of the antidromic sensory response from the median and ulnar nerves. Ring electrodes were placed on digits II and V, respectively, and antidromic stimulation was applied 14 cm proximally. Participants had midpalm temperatures recorded, and were warmed if the hand temperature was below 32.0°C. All tests were performed by physicians certified in electrodiagnostic medicine (JWA, MBB, RAW) and/or registered electrodiagnostic technologists working under their supervision. No needle examination was performed.
Each participant completed a self-administered questionnaire that included demographics, education, cigarette usage, past medical history, current health status, a discomfort survey of the upper extremities, and a psychosocial section eliciting information about the work environment. The reliability of the questionnaire is generally good to excellent. 10 Subjects were instructed to report symptoms involving the wrists, hands, or fingers if there had been problems in those areas on more than three separate episodes, or one episode had lasted more than 1 week in the 12 months preceding the study.
Anthropometric data collection included bilateral measurements of the index finger length and circumference, wrist width and depth, and right triceps skinfold thickness. In addition, weight and height were measured, and body mass index (BMI) (kg/m 2 ) was calculated. Exclusion criteria for determination of the normative cohort included: any symptoms in the wrists, hands, or fingers (n = 490); self-reported medical conditions diagnosed by a physician including carpal tunnel syndrome (n = 76), diabetes, excluding diabetes solely related to pregnancy (n = 27), gout (n = 15), rheumatoid arthritis (n = 20), thoracic outlet syndrome (n = 3), thyroid dysfunction (n = 52), and ulnar neuropathy (n = 15); current pregnancy (n = 8); hand temperatures less than 32°C despite warming (n = 43); and jobs characterized by highly repetitive work (n = 178). 16 A total of 629 subjects met one or more exclusion criteria.
Statistical Analysis. Statistical analyses were performed using Stata TM 5.0 for Windows. 30 Summary statistics for the demographic and electrophysiologic variables were generated, and ordinary least squares regression models built. Quantile-normal graphs were produced for visual inspection, and tests for skewness and kurtosis performed to determine the source of nonnormality problems. Transformations were done based on Tukey's ladder of powers to correct for both skewed and kurtotic distributions.
Best fit equations were developed using linear regression, and standardized regression coefficients reported. Inclusion criteria were that the beta coefficient had a P value less than 0.05, or the partial R 2 associated with adding the variable was greater than 0.05, and biological plausibility. Plots of residuals versus fitted values were checked for heteroscedasticity, as well as the Cook-Weisberg test for nonconstant variance. Correlation matrices were inspected for collinearity among the explanatory variables.
Prediction equations were fitted to forecast electrophysiologic outcomes of the mean sensory amplitudes, and onset and peak latencies for women and men, ages 20, 30, 40, and 50 years, with hand temperature of 33°C (the average ''normal'' temperature), based on selected parameter settings. Based on one-sided prediction intervals, the lower 95th percentiles for amplitudes, and upper 95th percentiles for latencies were also compiled.
RESULTS
After using the ''normal'' exclusion criteria, a cohort of 326 workers was identified without wrist, hand, or finger symptoms, certain medical history, hand temperatures less than 32°C, or highly repetitive jobs. This cohort was 34% of all workers, and represented 30-44% of workers from each site.
The average age in the normative cohort was 36.2 years (range: 19-66 years). One hundred fifty-nine (49%) of the workers were female. Mean BMI was 27.1 kg/m 2 for women, and 27.8 kg/m 2 for men. Right hand dominance was reported by 293 (90%). Over half (54%) had never smoked. There were no significant differences between the workers in the ''normal'' cohort and workers excluded from the ''normal'' cohort in age, sex, hand dominance, and smoking status (data not shown). Mean BMI was also comparable for women and men between the two groups; however, the range was greater in the ''normal'' cohort. Table 1 summarizes the NCS results for the normative cohort of 326 workers. The 5th percentile of the median sensory amplitude in the dominant hand was 14.0 µV. The 95th percentile onset latency and peak latency were 3.2 ms and 4.0 ms, respectively. The 95th percentile for the difference between median and ulnar sensory peak latencies was 0.8 ms in the dominant hand.
Appropriate transforms were identified for the electrophysiologic measures. These transforms involved inverses, inverse cubes, square roots, or logarithms of the original measures (see Table 2 ) to create acceptable distributions approximating normality. Ordinary least squares regression modeling with the transformed variables resulted in equations that indicated age, sex, hand temperature, and certain anthropometric factors were significant covariates (the regression models have fewer than 326 observations due to missing data for some covariates). Table 2 lists the standardized regression coefficients, illustrating the relative importance of the explanatory variables in each model. The signs of the coefficients are different from those typically expected due to the effect of the transforms.
DISCUSSION
Sampling. Most studies of normative values have made use of convenience or feasibility samples, composed of available hospital personnel, clinical colleagues, or students. 1, 5, 12, 13, 18, 21, 32 While convenient, and providing valuable information, this type of sample has limitations for generalizability. Many of these studies were small, and thus lack adequate statistical power. Also, we suspect that many of the convenience samples have a spectrum bias, 25 producing results of questionable validity for comparison with the general population or active workers.
In contrast to convenience samples, community sampling is a routine practice for determining ''normal values'' for biological parameters such as in spirometric testing. 7, 11 However, other than reports by Dyck et al. 9 and Stetson et al., 31 we are unaware of any well-designed epidemiological studies that have collected data from randomly selected asymptomatic, nondiseased community residents or workers, as has been done in the present study.
We focused exclusively on active workers to generate a large set of electrophysiologic parameters to assess normative values. The importance of selecting an appropriate reference cohort was emphasized by O'Brien and Dyck 20 in their guide for setting normal values. As mentioned, the workers in the present study represented a wide variety of employment settings, including various manufacturing and office environments, enhancing the robustness of findings. This type of sample provided a unique opportunity to establish normative values, and strengthens the validity of the results for a worker population.
Explanatory Variables. As Kimura 14 outlined in his review of nerve conduction techniques, several variables affect nerve conduction, including temperature, age, and the normal variation in nerve function. However, in our experience, laboratories typically establish cutoffs for normal ranges of nerve conduction measures without considering such factors. In clinical practice, there is usually no quantitative adjustment for age, sex, anthropometry, or surface temperature. This practice continues despite mounting evidence that variables such as age and temperature 6 need to be considered for accurate interpretation of results. Various studies 9, 15, 19, 22, 24, 31, 33 have suggested that age, sex, BMI, wrist ratio, oral contraceptive use, oophorectomy, wrist dimension, weight, height, or certain medical conditions may contribute valuable information about nerve function. Normal values that are not corrected (for age, for instance) have been cited as inadequate reference values. 2, 20, 27 The present study provides further evidence of the need to create an electrodiagnostic algorithm accounting for significant explanatory variables.
Our results suggest that adjusting sensory nerve conduction test results for relevant variables will improve the accuracy of interpretation. Age, sex, and hand temperature were significant covariates in our models of mean peak and onset latencies in both the median and ulnar nerves for dominant and nondominant hands. The most robust models were for sensory amplitudes both in the median and ulnar nerves for dominant and nondominant hands. Almost 50% of the variance in nerve function was explained by these models. The median-ulnar difference was found to be the least sensitive to age, sex, and temperature, suggesting it may be the best measure to use if covariates are not considered. Nonetheless, the overall accuracy of testing would improve by taking relevant variables into consideration. If one excludes the median-ulnar difference, our regression models explained between 21% and 51% of the variance. *Transformations of dependent variables were as follows: amplitudes (square root), median onset and peak latencies in the dominant hand and median peak latency in the nondominant hand (inverse cube), ulnar onset and peak latencies and median sensory onset latency in the nondominant hand (inverse), median-ulnar peak latency differences [log (difference +1)]. †Men = 0, women = 1. P values for F statistics in all models < 0.00005.
The models demonstrated remarkable internal consistency-age, sex, hand temperature, and certain anthropometric factors were significant in all models of onset and peak latencies. Similar to previous reports, 17, 31 amplitudes were affected by finger circumference. In addition, there was striking symmetry between the dominant and nondominant hands, with variables of similar significance and coefficients of similar magnitude. Except for ulnar onset and peak latencies, models for the dominant hand explained slightly more variance. Smoking (expressed as pack years or ever/never smoked) had no significant association with amplitude or latency measures. Letz and Gerr 17 found negative associations between current smoking status and amplitudes, but no significant association with median or ulnar sensory nerve conduction velocity.
We checked the robustness of the models of examining alternate explanatory variables. For example, substituting BMI for weight resulted in less than a 2% reduction in R 2 in the model for median sensory peak latencies of the dominant hand. Alternately, wrist width and depth could be exchanged for the ratio of width to depth without substantial difference in explanatory power. Substitution of alternate covariates may be more practical, since some of the covariates used (e.g., finger circumference) are not routinely collected from patients in clinical settings.
These findings are consistent with prior studies that have shown age and anthropometry as significant covariates of peripheral nerve function. Letz and Gerr 17 reported skin temperature, height, BMI, age, race, and smoking status as important covariates in median and ulnar sensory amplitude models. Stetson et al. 31 reported age, height, and finger circumference as significant factors in median and ulnar sensory amplitudes; age, height, and wrist ratio for median sensory latency; and age and height as important for ulnar sensory latency.
One curious finding is that even though nerve function was measured using the 5th digit for the ulnar nerves, the length of the 2nd digit was significant in the ulnar peak latency regression models. Although the length of the 5th digit was not measured, we suspect that there is good correlation between the lengths of digits 2 and 5, and that the length of digit 2 serves as a surrogate for the length of digit 5 in such models.
The prediction intervals for the median sensory amplitude showed a decreasing trend with age and finger circumference ( Table 3 ). The onset and peak latency predictions increased with age and BMI or weight (e.g., median peak latencies increased approximately 20% between ages 20 and 50 years). Women had larger amplitudes than men, even after adjusting for finger circumference. Of particular importance, the magnitude of the variance increased with age and anthropometric factors in all models (i.e., not only did the mean of the predicted value increase, the distance between the mean and upper bound increased as well).
This study challenges the conventional cutoff criteria for making the diagnosis of a median mononeuropathy. Absolute cutoffs as well as relative cutoffs between median and ulnar latencies have been published in previous studies, 12, 29 with most suggesting a peak median sensory latency of 3.5-3.8 ms. In our group of 324 workers, we found 4.0 ms was the upper 95th percentile in the dominant hand. Based on our prediction equation that accounted for age, sex, and weight, the upper 95th percentile for the dominant hand ranged from 3.3 to 5.2 ms.
The standard relative median to ulnar comparison is 0.4 to 0.5 ms. This is reported to avoid false positive findings, 26 but our data suggest a cutoff of 0.8 ms as the upper limit of normal in the dominant hand of active workers. Use of this new diagnostic criterion would make a significant impact on the clinical management of cases. With the conventional cutoff criteria, many cases of CTS may be ''confirmed'' in individuals who are electrically normal.
Given that the reference values are valid, the question remains as to whether the measures are reliable. Letz and Gerr 17 reported highly significant variability between examiners in their work with over 4000 subjects. They noted that with such a large sample size, even trivial differences could appear statistically significant, even though the findings might be of little clinical consequence. Chaudhry et al. 3, 4 also have addressed this concern in two reportsone of 7 healthy subjects and another with 6 patients with diabetic neuropathy. In both studies, they found a high degree of intraexaminer reliability; however, significant interexaminer differences were found, although both studies were very small. Our studies are subject to this variability as well, and we intend to evaluate the reliability issue more directly via repeated nerve conduction studies with multiple examiners Due to the large number of electrophysiological tests, it may not be practical to standardize all tests. However, more commonly used tests could be standardized by studying large numbers of properly selected control subjects. An approach similar to that used with spirometry testing would improve the validity of interpretation of electrophysiological outcomes and the accuracy of CTS and other diagnoses.
Computer technology now allows for immediate display of raw and predicted measurements with confidence intervals to interpret results. This could be done with adjustment for the previously mentioned variables in multiple regression models, despite the underlying complexity of variable transformation, as is current standard practice in pulmonary laboratories.
It is apparent from this study that fixed absolute thresholds without adjustment for age, sex, temperature, or anthropometric factors may result in many false positive (and false negative) results. Even with control of temperature within an acceptable range, hand temperature was still an important covariate of latency. Measurement of anthropometric variables and strict control for temperature (e.g., warming of cool limbs) are essential for more valid interpretation of nerve conduction outcomes. Even with these adjustments, however, current standards for diagnosing CTS among workers appear too sensitive, and need fine-tuning to avoid misclassification of results that are within a normal reference range.
Conclusion. There are a number of strengths in this study, most notably: 1) the composition of the sample; 2) the use of rigorous exclusion criteria to select healthy subjects; and 3) the sample size. The sample, consisting of workers from various industrial and office settings, provided a valid reference for normative values of workers. Without being too strict, the criteria used to select subjects for the normative analyses provided a reasonable definition of normal. Unmeasured factors related to increased risk of peripheral neuropathy, such as solvent exposure or use of neurotoxic medications (e.g., certain antineoplastic agents), were unlikely confounders at the study sites or among active workers. The generally high rate of worker participation and the large sample further strengthen the validity of the normative values.
Additional studies are needed involving large numbers of randomly selected, asymptomatic subjects from worker populations without known diseases associated with neuropathy to further validate electrophysiological models and to determine appropriate covariates for a computer-based algorithm.
The normative values presented in this study should Predicted values were calculated from regression equations based on dominant hand temperature of 33°C; wrist width of 52 mm in females, 59 mm in males; and wrist depth of 37 mm in females, 41 mm in males, when indicated.
provide better precision in estimating nerve function in the working population. It is clear that improving the body of normative data provides the means for a more accurate interpretation of '''normal'' nerve conduction studies among workers. The purpose of this study was to evaluate nerve conduction data among asymptomatic, healthy workers to assess what is considered ''normal.'' The current diagnostic methods of using fixed thresholds without adjustment for age and sex are not appropriate for a worker population, and could result in substantial misclassification. Age, sex, and hand temperature were the most important variables in our electrophysiologic models. Weight, BMI, wrist width, wrist depth, finger length, and finger circumference also had significant explanatory power. The models presented illustrate the importance of considering covariates such as age, sex, hand temperature, and anthropometric factors when interpreting nerve conduction studies.
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